Oligonucleotides were screened for strongly silver-stained repetitive sequences. An 'AG'-clustered purine sequence showed strong staining, and the staining density can be compromised by disrupting the continuity of the 'AG'-clustered sequence. The staining-favored sequence was then employed in rolling circle amplification (RCA) for its product detection. A tube-staining method was developed for convenient and visual RCA assay. Moreover, by introducing GalR into RCA, D-galactose was detected by RCA tube-staining with naked eyes without any equipment. About 10 mM D-galactose can be easily identified, and the detection of D-galactose was specific in comparison with that of several other monosaccharides.
Introduction
Silver staining is a traditional staining method for the detection of biological samples. It has the advantages of sensitivity, simplicity, and effectiveness. It is also less harmful than radio-labeling and is less expensive than fluorescence-labeling. Therefore, it is still widely used today and is available as commercial kits. Since it was first introduced in gel staining in 1979, the method has been optimized, improved, and developed for several decades [1] [2] [3] . In general, silver staining can be classified into two categories: acidic methods and alkaline methods. For acidic methods, acidic silver nitrate solutions are used to stain, and the methods are simple and quick. For alkaline methods, diamine complex of silver nitrate is used to stain in alkaline condition, and they have the advantage of low background [4] .
Silver staining is mainly used to stain proteins and nucleic acids in various research fields, such as two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) staining in proteome study, and nucleic acids staining in single-strand conformation polymorphism analysis [5] [6] [7] . For proteins, certain reactive groups, such as amine group and sulfur group, contribute to silver staining. For nucleic acids, it has been suggested that purine is important for silver staining, and nucleoside or nucleotide is hardly stained [8] . However, the effects of nucleotide types and their sequences on silver staining have rarely been clarified in detail. Oligonucleotides (ONs) have relatively short sequences. It is reasonable to use ONs as a model to study silver staining characteristics of nucleic acids. In our previous experiments, we noticed that using silver to stain ONs resulted in very different staining intensity, even when the sequences of ONs were similar [9] . There might be some sequence factors affecting the staining. Through designing 'strongly staining sequences' of nucleic acids, we are inspired to apply the silver staining in nucleic acids isothermal amplification techniques.
Isothermal amplification is one of the nucleic acids amplification techniques. It is characterized by amplification at a constant reaction temperature in comparison with polymerase chain reaction (PCR) [10] . Rolling circle amplification (RCA) is one of the most commonly used isothermal amplification methods. It uses a circular ON, usually single-stranded DNA (ssDNA), as the template for the DNA polymerization reaction. With a primer, a strand displacement DNA polymerase will extend the 3′ end of the primer along the template round and round to produce a long ssDNA with tandem sequence complementary to the template [11] [12] [13] . The tandem sequence of RCA products can be used as a natural signal enhancement of about thousand times. Since it has the advantages of simplicity, sensitivity, and easy-operation, it has been widely used in nucleic acids detection, such as single nucleotide polymorphism and microRNA assay [14] [15] [16] [17] . In addition, through employing antibodies, aptamers, or DNAzymes, RCA can also be used to detect proteins and small molecules [18] [19] [20] [21] . However, the type of detectable small molecules through RCA by using aforementioned strategies is limited, especially for some important metabolites, such as saccharides and amino acids.
The signal output of RCA can be detected by various methods, such as fluorescent, electrochemical, luminescent, and colorimetric methods [22] [23] [24] . Among them, colorimetric methods can be visualized by naked eyes without any equipment, which is preferred as a great convenience in some fields in recent years, such as point-ofcare testing and semi-quantitative screening [25] . Current colorimetric methods are mainly based on DNAzymes and Gold nanoparticles [26, 27] . However, the silver staining of RCA has never been reported according to our knowledge. Here, based on the silver staining characteristics of different ONs and the tandem characteristic of RCA products, we found the staining behavior of RCA sequence and developed a new colorimetric method for RCA detection by silver staining in a tube. Traditionally, RCA reaction is usually detected by fluorescence dye after agarose gel electrophoresis in the lab. The new RCA tube-staining method is free of any electrophoresis and any equipment, and is convenient for easy operation with common chemical reagents. Furthermore, we employed galR protein in this RCA tube-staining method and succeeded in semiquantitative detection of D-galactose with naked eyes. This actually provided a new assay method for galactose detection.
Materials and Methods

Oligonucleotides and enzymes
ONs were purchased from Genscript Biotechnology Co. (Nanjing, China). The sequences of the ONs were listed in Supplementary  Table S1 . They were high pressure (or high performance) liquid chromatography grade without further purification. The 100 mM stock solutions were prepared with ultrapure water and were stored at -20°C. Their concentrations were determined by ultraviolet absorbance at OD 260 .
Phi29 DNA polymerase was from NEB (Beijing, China). EcoRI and T4 DNA ligase were from TaKaRa (Dalian, China).
Electrophoresis gel silver staining
The 9% native polyacrylamide gel was prepared with the ratio of acrylamide to N,N-methylene-bis-acrylamide to be 29:1. Glass plates (8 × 7 cm) were used. The gel and comb thicknesses were 1 mm. The gel was prepared in Tris-borate-EDTA (TBE) buffer containing 89 mM Tris, 89 mM boric acid, 2 mM ethylenediaminetetraacetic acid, and pH 8.3. Electrophoresis was carried out at 120 V for 30 min. After electrophoresis, the gel was washed twice with ultrapure water and fixed with 10% ethanol and 0.5% acetic acid for 3 min. The gel was stained with 0.2% silver nitrate in 10% ethanol and 0.5% acetic acid for 10 min. After being washed twice with ultrapure water, the gel was developed in 0.5 M sodium hydroxide and 0.37% formaldehyde for 10 min and was stopped by addition of 0.5% acetic acid.
Tube gel silver staining
Mixture of 10 μl DNA sample, 3 μl 45% acrylamide, 1 μl 10% Ammonium persulfate (APS), and 0.3 μl Tetramethylethylenediamine (TEMED) was added into an Eppendorf tube (EP tube) bottom. After coagulation, the gel was washed 5 times (each for 5 min) with 1 ml fixing solution (10% ethanol and 0.5% acetic acid) in the tube. After removal of the fixing solution, 100 μl of staining solution (0.2% silver nitrate, 10% ethanol 20 ml, and 0.5% acetic acid) was added into the tube and incubated for 5 min. Then the staining solution was removed, and 1 ml of 10% ethanol was added into the tube, and incubated for 5 min. Finally, after removal of ethanol solution, 1 ml of developing solution (2% NaOH and 0.37% formaldehyde) was added into the tube and incubated for~5 min.
RCA and repressor-RCA reaction
Circularized template was ligated with the help of splint ON in a head-to-tail way. The sequence of the splint ON was complementary to the sequences of 5′ and 3′ ends of the template (Supplementary Table S1 ). The ligation system (pH 8.0) was composed of 1 μM template, 1 μM splint, 50 mM Tris, 10 mM MgCl 2 , 5 mM DTT, 0.1 mM ATP, and 175 units T4 DNA ligase in a total volume of 10 μl. Ligation reaction was carried out at 16°C for 60 min. The ligation products were used for RCA reaction.
RCA system (pH 7.5) was composed of 50 mM Tris, 10 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 4 mM DTT, 0.5 mM dNTP, 1 nM ligated circular template, and 3 U of phi29 DNA polymerase in a total volume of 10 μl. RCA reaction was carried out at 37°C for 60 min.
For repressor-RCA, the reaction was carried in 10 μl reaction system (pH 7.5) which contained 72 nM GalR, 1 nM circular template, 50 mM Tris, 10 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 4 mM DTT, 0.5 mM dNTP, 3 U of phi29 DNA polymerase, and different concentrations of D-Gal.
Statistical analysis
Each experiment was performed at least three times. The band density data were processed using ImageJ and OriginPro9.0 and presented as the mean ± SD (standard deviation).
Results
Effects of nucleotide components
We observed that ONs behaved quite differently in silver staining in our previous experiments. We supposed that the components, lengths, and sequences may affect silver staining efficiency. To begin with, we investigated the overall effects of nucleotide type on staining. To rule out the effects of ON sequences, we used degenerative ON mixture. Since A/T and G/C are easily paired, we selected four degenerative ON types of R (A/G), Y (C/T), M (A/C), and K (G/T) for silver staining respectively. Results showed that four types of degenerative bases were quite different in silver staining behavior. Only R and M were stained obviously. However, Y and K were hardly stained. The most stained ON type was R degeneration, and the least was Y degeneration. The staining favored order was R (
In general, purines were favored for silver staining, and 'T' was least stained. This showed that nucleotide types strongly affected silver staining efficiency. According to staining results of R10~R7 and M10~M7, ON lengths also affected staining efficiency (Fig. 1) .
Since R (A/G) degeneration was the most stained ON component for silver staining, we further used Rn to test the least ON length for effective silver staining. In our experiments, even tri-nucleotides appeared a slight band. The ON staining efficiency was increased linearly as a function of ON lengths. Interestingly, the smaller the ON was, the slower the electrophoretic mobility was ( Fig. 2A,C) .
To verify whether the staining effects of Rn can be compromised by less stained degenerative ON type, we substituted each site of R6 into Y, respectively, and compared the chimeric R6 (Y1~6) with original R6. In general, the substitution of a single Y decreased about 50% staining density, and the effect of different substitution positions was slight. Rn was the most stained degenerative type and Yn was the least stained type, therefore, this result suggested Rn staining efficiency was strongly weakened by that of Yn (Fig. 2B,D) .
Identifying sequential factors for strong staining R6 (A/G) degeneration ONs were a mixture of different ON sequences. Several repetitive sequences were screened to test whether these sequences made a staining difference. Results showed that neither single A nor single G presented the most strongly single staining band nor did A3G3 and G3A3. It seemed that when A and G were dispersed evenly in sequence such as (AG)3, (GA)3, (AGG)2, and (AAG)2, the band staining was strong. Consequently, we selected a simple and strongly staining sequence: (AG)n repetition for the subsequent experiments (Fig. 3) .
We designed and stained a series of (AG)n with different lengths, and found that (AG)3 was the minimal repetition of (AG)n to give a clear strong band by silver staining in our experimental conditions. Band intensity increased linearly with the lengths of (AG)n (Fig. 4A,C) .
Next, we used (AG)3 to explore whether the interruption of the continuous (AG)n repetition by 'T' will decrease staining efficiency. We used 'T' to space (AG)3, and found that (AG)3 spaced by 1~5 'TT' increasingly weakened the band intensity. When we used 'TT' to space (AG)3, we found two 'TT' were enough to strongly weaken the band intensity. Since the band staining intensity of (AG)3-2 T was similar to that of (AG)3-1TT, which was about 30% decrease of the intensity of (AG)3, and the staining of (AG)3-5 T was similar to that of (AG)3-2TT, which was about 60% decrease of the intensity of (AG)3, the total inserted 'T' number rather than its insertion position seemed to be important for the weakened staining (Fig. 4B,D) .
To investigate whether a surrounding 'T' will affect the (AG)3 staining efficiency, we attached T6 to the 5′ or 3′ end of (AG)3, respectively, and found that the band intensity was decreased by about 50%. When we added T6 to both ends of the (AG)3, about 75% decrease of the band intensity was found. Then, we shortened the two-ends capping from T6 to T4 and T2, and found that the capping by T4 and T2 hardly decreased the band intensity of (AG)3. The results showed that the surrounding 'T' strongly changed the staining characteristics depending on the lengths and positions. When we compared the case of surrounding 'T' with that of insertion 'T', we found that inserting 2 or 4 'T' in (AG)3 decreased more intensity than surrounding 2 or 4 'T' in (AG)3 did. This suggested a continuous rather than a dispersed purine cluster was favored for ON silver staining (Fig. 5) .
RCA silver staining in a tube
From the aforementioned results of ON silver staining, the most stained ONs contained purine-rich sequence. Continuous A/G cluster rather than dispersed A/G cluster was preferred, and the staining efficiency was increased as a function of the (AG)n lengths. Since ssDNA repetition sequence can be easily produced by RCA, embedding strong staining sequences in the tandem products of RCA is expected to greatly enhance staining detection of RCA products.
RCA is an isothermal nucleic acids amplification to produce long tandem ssDNA complementary to its circular template. If the template has CT-rich sequence, RCA will produce an AG-rich product which is easily detected by silver staining. To prove this concept, we designed a CT-rich circular template for RCA reaction, and also an AG-rich template for comparison (Fig. 6A) . Just as expected, the AG-rich template was stained heavily, while the CT-rich template was only slightly stained as shown in PAGE and silver staining. However, after RCA reaction, the products of RCA were too large to enter into the gel, therefore no band can be seen after staining. When we cleaved RCA products into pieces, the products of CTrich template were shown to be heavily stained in comparison with that of AG-rich template (Fig. 6B) .
Since RCA products were too large to be separated by PAGE, we developed a gel staining method in an EP tube to stain RCA products. We coagulated the gel which was mixed with RCA products at the bottom of an EP tube. By adding the silver staining solution with pipette into the tube step by step, the sample gel at the tube bottom was stained and developed (Fig. 7A) . Firstly, we tried this method with ONs. We embedded ON Template(AG) and ON Template(CT) into the gel in the tubes, respectively. After fixing, staining, washing and developing, the Template(AG) was strongly stained, however, the Template(CT) was stained as slight as the background control. Moreover, the staining intensity was in correlation with the amount of Template(AG) embedded in the gel (Fig. 7B) . We then mixed RCA products with the gel in the tube to test the feasibility of RCA tube-staining. Results showed that, as expected, the RCA product from Template(CT) was strongly stained, while the RCA product from Template(AG) was stained as slight as the background control. The staining intensity was in correlation with the amount of Template(CT) and the RCA reaction time (Fig. 7C) . The silver staining results of the two templates and their RCA products were quite opposite. By using RCA, the silver staining detection sensitivity for a circular template can be increased by 100 times (detection limit from~1 ng to 10 pg). Furthermore, the tube-staining RCA detection does not require electrophoresis or equipment and has the advantage of visual detection, easy-operation and reagent-saving.
Visual detection of galactose using repressor-RCA
Repressor-RCA is a novel strategy to detect metabolites based on RCA regulated by allosteric repressor. It is characterized by embedding a repressor recognition sequence in circular template. Here, we designed the GalR recognition sequence in circular template and added GalR to bind with the circular template to inhibit RCA reaction. Since D-galactose (D-Gal) has the ability to release GalR from its sequence binding, the RCA signal can be used to detect D-Gal effectively (Fig. 8A) . The GalR recognition circular template was also designed to contain CT-rich repetition for RCA product silver staining. By tube-staining of the RCA products, we achieved a semiquantitative detection of D-Gal. As shown in Fig. 8B , D-Gal with the concentration above 10 mM presented obvious tube-staining results which were easily discriminated by naked eyes. Furthermore, D-Gal was able to be discriminated unambiguously from other common monosaccharides (D-Fructose, L-Fucose, D-Glucose, D-Ribose, and deoxy-D-Ribose) by this visual detection method.
Discussion
Silver staining is a traditional and widely used method for gel electrophoresis detection of proteins and nucleic acids [6] . It is still widely used for nucleic acids staining. However, the mechanism of its silver staining remains to be clarified. The staining characteristics of ONs may provide some suggestions. In our previous experiments, we noticed that even similar ONs may be stained very differently. Other researchers have also noticed that the purine may be important in nucleic acids silver staining. Therefore, a systematic nucleic acids silver staining study in detail is required [8] . Recently, Tang et al. [28] proposed the first systematic study of the effects of ONs on gel silver staining. Their design mainly focused on sets of ONs which contained one type of nucleotides gradually displaced by another type of nucleotides from one end of the ONs. They found that dA, dG and dC were argyrophil nucleotides, and dT was antisilver nucleotide. For the same purpose, but with different designing strategy, we screened nucleotide types by degenerative sequences, and focused mainly on selecting repetition sequences with highly staining efficiency, which were suitable for RCA staining. We found that A/G degenerative sequences were most strongly stained. Both C/T and G/T degenerative sequences were hard to be stained, and A/ T degeneration was slightly stained. Therefore, our results were consistent with Tang's results from other aspects. A/G (purine) are the favorable nucleotides for silver staining.
From the staining difference between R and Y in Fig. 1 , purine or pyrimidine was the most important component factor for silver staining. The staining difference between M and K suggested the amino group was better than the ketone group. We further compared the staining of I6 (inosine) and A6 (adenine) and found a slightly more staining of the former than that of A6 ( Supplementary  Fig. S1 ). The structural difference between inosine and adenine is the group at C6 position. The former contains a ketone group, while the latter contains an amino group. Therefore, this also suggested a contribution of the amino group for silver staining. When we used alkaline silver staining method instead of acidic method, a very different result was obtained ( Supplementary Fig. S2 ). This may be attributed to the tautomers exchange of keto-enol and amino-imino under different pH environments. Since T is the least stained base type, analyzing the effect of T on the favored staining sequence is important for the design of staining sequence. Embedding Tn into (AG)n sequence obviously decreased the staining efficiency. It seemed that a dispersed (AG)3 spaced by T was stained less than an (AG)3 surrounded by T. Therefore, a longer cluster of (AG)3 was preferred if there was T in the sequence. These principles were used in our RCA experiments.
Gel silver staining is mostly used after electrophoresis separation of samples. In some cases, such as RCA products, if there is no need for separation, or they are difficult to separate, an equipment-free and electrophoresis-free gel staining method will be more convenient. Therefore, we embedded DNA samples into a piece of gel directly at the bottom of an EP tube and developed a silver staining method in a tube. We found that EP tube with a flat bottom (2 ml) was better than that with a sharp bottom (1.5 ml). A large amount of gel increased the thickness of the gel, resulting in a failure of silver staining. Buffer concentration also affected tube-staining. By optimizing the tube shape, gel volume and silver staining buffer, the gel can be coagulated, immobilized, and stained at the bottom of an EP tube. The addition and removal of the silver staining buffer were also easy to handle with a pipette, and the whole process can be completed in about 30 min without any equipment. Therefore, tube-staining is a time-saving, reagentsaving, and convenient visual detection method.
As a widely used technique, RCA can be detected by various methods [29] [30] [31] . One of the most commonly used methods is fluorescence spectrometry which requires special equipment such as microplate reader and qPCR system [32, 33] . RCA products can also be visualized after agarose gel electrophoresis by fluorescence dye staining [34] . In the case of PAGE which is suitable for silver staining, the detection of RCA products is more difficult, since the large RCA products are hard to enter into the gel (Fig. 6) . Therefore, the direct silver staining of RCA products through PAGE is almost impossible. In this case, gel silver staining in a tube is an effective alternative. We selected (AG)n as a simple and effective repetition sequence of RCA products for silver staining, and verified the tubestaining ability of RCA. The detection limit of RCA template was about 1 fmol, which was equal to that of the fluorescence detection limit of RCA with a microplate reader. Moreover, this tube-staining detection is equipment-free.
As a versatile technique, RCA has been employed in various targets assays, such as nucleic acids, proteins, and small molecules [19, 20, 35] . Therefore, RCA tube silver staining has potential for lots of applications. One of them is for the detection of small molecules. Aptamers have commonly been used in RCA and other amplification methods for detecting small metabolites, such as OTA (ochratoxin A) and cocaine [22, 36] . Another strategy is utilizing the cofactor of enzymes in RCA, such as ATP and NAD + as cofactors of ligases [37, 38] . However, lots of important metabolites, such as amino acids and carbohydrates, have no aptamers or cofactor-related enzymes. Therefore, new metabolite-sensing strategies are urgently required. Recently, we developed a novel repressor-RCA strategy and introduced allosteric repressors to regulate RCA directly. Using L-tryptophanregulated trpR protein as a model, we succeeded in assaying L-tryptophan using RCA [39] .
D-galactose is an important monosaccharide. Its metabolic disorder results in galactosemia, one of the inherited metabolic diseases, which are items of newborn screening [40] . D-galactose assay is also applied in food testing or bioindustrial production. Commonly used mass spectrum and chromatography for the detection of D-galactose require expensive equipment [41] . In order to develop an equipment-free and naked-eye visual assay for D-galactose, we combined the repressor-RCA strategy with RCA tube silver staining. We designed a GalR recognition sequence in circular template for repressor-RCA and designed (CT)n tandem sequences for RCA silver tube-staining. Through a GalR-controlled (AG)n tandem sequence produced by RCA, we realized D-Galactose detection with naked eyes without any equipment. To our knowledge, this is the first visual assay for D-Galactose by using isothermal amplification technique.
In summary, based on the screening of different ONs sequences suitable for silver staining, we designed RCA template and established a tube-staining method for convenient RCA silver staining. Furthermore, by introducing repressor-RCA strategy into this RCA tube-staining system, we succeeded in detecting D-galactose with naked eyes.
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